Abstract. We previously reported that thyroxine (T4) treatment significantly improved follicular development and increased the number of eggs ovulated in immature hypothyroid infertile rdw rats in the presence of gonadotrophins. The present study was conducted to determine whether (1) infertile rdw rats would respond to repeated stimulation with gonadotrophins, and whether (2) T4 treatment would increase the total number of ovulated eggs in an individual rat induced to ovulate up to three consecutive times at intervals of about 30 days. eCG was repeatedly given from the immature stage on postnatal day 28 and then at day of metestrus in the mature stage at intervals of about 30 days, followed by hCG 54 h later in rdw and normal rats, both of which were also given T4 (T4-rdw and T4-Normal), and in normal rats without T4 treatment (Normal). The results indicate that there were no significant differences in the weights of ovaries at any age tested among T4-rdw, T4-Normal and Normal. The number of eggs ovulated in the first treatment was significantly higher than in subsequent treatments in the same group (P<0.05). No significant differences were observed in the number of eggs ovulated in each corresponding treatment among the three groups, although more eggs (85.0 ± 4.6) were collected after the first treatment in T4-rdw than in the other groups, while fewer eggs (4.0 ± 2.7) were collected in the third treatment in T4-Normal than in the other groups. There were no significant differences in the percentages of degenerative or fertilized eggs in the same treatment among groups or among subsequent treatments in the same groups. However, the total number of eggs collected in the first three treatments in T4-rdw was significantly more than in Normal (P<0.05). T4 treatment also increased the total number of eggs ovulated in first three treatments in normal rats compared to those in Normal although no significant difference was observed between the two groups. In conclusion, the results of the present study indicate that infertile rdw rats responded well to repeated stimulation with gonadotrophins, and that T4 treatment increased the total number of ovulated eggs in an individual rat treated three times with gonadotrophins.
emale mammals are endowed with a finite number of oocytes at birth, each enclosed by a single layer of somatic (granulosa) cells in the primordial follicle [1, 2] . The number of primordial follicles in the ovaries at birth varies among species (from 2 × 10 4 ~ 4 × 10 4 in mice to 1 × 10 6 ~ 2 × 10 6 in humans) [3] . In the cow, 1 × 10 5 ~ 2 × 10 5 ova are produced in the ovary and are potentially available. Although a large number of primordial follicles are Accepted for publication: April 17, 2002 Correspondence: J.-Y. Jiang present at birth, the fate of most follicles is atretic degeneration [1, 4, 5] and they die during the course of oogenesis, with only a limited number undergoing ovulation in life. Usually only 1 oocyte is ovulated in each estrus cycle, and only 100 ~ 200 are ovulated during the lifetime in the cow.
Recent advances in in vitro development and maturation of oocytes have played important roles in supplying o ocytes for bo th research a nd commercial purposes. However, for endangered species, elite domestic animals with high genetic merit, genuine cloning purposes, humans and other species, methods to maximize the production of o o c y t e s f r o m i n d i v i d u a l s b y r e p e a te d superovulation are still important. The availability o f m or e o va fr o m th e sam e a ni ma l is ver y important for assisted reproductive technologies such as cloning [6] .
Several studies of repeated superovulation in the cow have been conducted [7] [8] [9] [10] . However, the results have been far from satisfactory. Studies of repeated superovulation in animal models such as the rat would be beneficial for determination of the implic ations o f repeat ed supero vulation in domestic animals and other species. We recently reported that thyroxine (T4) administration followed by treatment with gonadotrophins significantly improved follicular development and increased the number of ovulated oocytes in immature infertile rdw rats and also elevated ovulation in normal littermates [11, 12] . However, it is still unclear whether infertile rdw rats respond to repeated stimulation with gonadotrophins and whether T4 treatment would increase the total number of ovulated oocytes in an individual rat given repeated superovulation treatments. The present study was performed to address these points.
Materials and Methods

Animal preparation
rdw rats and n or mal litterm ates (W istarImamichi) were produced by mating adult F1 males with F1 females confirmed to bear pups including rdw offspring as described previously [11] . In the present study, rdw always is rdw/rdw homozygotes, while normal littermates include F1 (rdw/+) and wild-type individuals (+/+) since there were no phenotypic differences between them. Animals were placed in polycarbonate cages (25 × 40 × 20 cm) with wood shavings on the floor in a room at a controlled temperature of 24 ± 2 C, humidity of 65 ± 5%, with lights on at 5:00 and off at 19:00, and were given bullet type commercial rat feed (High Pure Ace (P): Itochu Co.) and tap water ad libitum. rdw rats were distinguished by low body weight and retarded development of the ears at about 2 weeks of age.
Hormone administration
Fifteen immature rdw rats and 15 of their normal littermates were randomly divided into groups of five and treated with gonadotrophins and T4. Fift een nor m al ra ts as con tr ols were gi ve n gonadotrophins alone. T4 (L-thyroxine; Sigma Chemical Company, St. Louis) was given at a dose of 10 µg/100 g body weight from day 21 to 40 by daily intraperitoneal injection and subsequently in drinking water supplemented with T4 solution at a final concentration of 20 µg per 100 g body weight as described previously [13] . A dose of 10 iu of eCG (Teikoku Hormone Mfg. Co., Ltd., Tokyo) was injected subcutaneously at 10:00 on day 28 and 10 iu of hCG (Sankyo Kabu Company, Tokyo) was injected intraperitoneally 54 hours later. Then, 30 iu eCG and 30 iu hCG were given on the day of metestrus and proestrus, respectively, at all subsequent treatments at intervals of about 30 days. After hCG injection, 5 females from each group were paired with a male. They were sacrificed for egg collection the day after injection of hCG. Other females were not paired with males and were kept for subsequent treatments for the second and third egg collections (n=5 in each group).
Egg collection
The day after administration of hCG, animals in co rr espo nd ing gr oups w ere w eighed, th en sacrificed by cervical dislocation. Ovaries and oviducts were transferred into glass dishes (60 × 60 mm in diameter) with PBS (Dulbecco's PBS; Nissui Pharmaceutical Co., Ltd., Tokyo, Japan). Under a microscope, the adjunct fat was removed and the ovary and oviduct were separated. Ovaries were weighed and oocytes were flushed out of oviducts w i t h P B S a n d t r e a t e d w i t h 0 . 1 % ( w / v ) hyaluronidase (Sigma Chemical Company, St. Louis, USA) if cumulus cells were still present, then the number of oocytes was counted. Only those o o c y t e s w i t h i n t a c t z o n a p e l l u c i d a a n d homogeneous cytoplasm were considered normal and others were degenerative.
Examination of fertilization
Methods for examining fertilization used in this study have been described previously [11] . Eggs containing one female and one male pronuclei in the vitellus w ith a corres po nding ta il w ere considered fertilized [14] .
Examination of estrous cycles
Females more than 50 days old were checked for estrus cycle by daily smear examination. Those with regular diestrus, proestrus, estrus and metestrus were considered to have a normal estrous cycle, whereas the estrous cycle was considered to be disordered when the same phase of the estrous cycle was observed on more than 2 consecutive days.
Statistical analysis
Data are expressed as means ± SEM, and were examined for significance by analysis of variance (ANOVA). When ANOVA revealed a significant treatment effect, the treatments were compared by Duncan's multiple-range test.
Results
Although significant differences were observed in body weight among T4-rdw, T4-Normal and Normal at 1 month old (39.2 ± 0.7, 61.0 ± 2.0 and 65.6 ± 2.8 g, P<0.05), there were no significant differences in body weight at other ages, nor in the weights of ovaries at all ages tested among the three groups (Table 1) .
T he number of eggs o vulated in the first gonadotrophin treatment was significantly higher than in subsequent treatments in the same group (P<0.05). No significant differences were observed i n th e n u m b e r o f e g g s ov u l a t e d i n e a c h corresponding gonadotrophin treatment among the three groups, although more eggs (85.0 ± 4.6) were collected in the first treatment in T4-rdw than in the other groups, while fewer eggs (4.0 ± 2.7) were collected in the third treatment in T4-Normal than in the other groups. There were no significant differences in the percentages of degenerative or fer ti lized eggs at t he s am e go nad o t ro phi n treatment among groups or among subsequent gonadotrophin treatments in the same group (Table  2) . However, the total number of eggs collected in the first three stimulations with gonadotrophins in T4-rdw was significantly greater than in Normal. T4 treatment also increased the total number of eggs ovulated in the first three gonadotrophin treatments in T4-Normal compared to Normal although the difference between the two groups was not significant (Fig. 1) .
No rats showing disordered estrous cycles were observed in any group.
Discussion
The results of the present study indicate that infertile rdw rats responded well to repeated stimulation with gonadotrophins and that T4 treatment increased the total number of ovulated eggs in the first three treatments in both rdw and no rm al rats given repeated go nado tro phin treatment. Thyroid hormones play important roles in the development and function of reproductive organs in both males and females. Thyroxine treatment markedly improved fertility in infertile adult male hypothyroid rdw rats [13] . In addition, the results of recent studies have indicated that transient neonatal hypothyroidism results in marked increases in both testicular size and sperm production in the adult rat [15] [16] [17] . In female rdw rats, several studies have indicated tha t T4 treatment improves follicular development and ovulation [11, 12] . However, to our knowledge, there have been no previous reports regarding w h e t h e r T 4 t r e a t m e n t a f f e c t s f o l l i c u l a r development or ovulation in the subsequent consecutive reproductive cycles. The results of the present study indicate that T4 administration i nc r ea se d th e n u m b e r o f e g gs i n th e f i r st superovulation treatment, but did not decrease the number of eggs ovulated in subsequent treatments with gonadotrophins as compared to normal controls. Both hyper-and hypothyroidism cause impaired fertility [11] [12] [13] [18] [19] [20] [21] [22] [23] . The effect of thyroid hormone on follicle development and ovulation is very complicated with dependency of dose, time, follicular stage and different animal species. Thyroid hormone affected in a time-and dosedependent m anner FSH-induc ed arom atase activity in cultured granulosa cells obtained from eit h er ad ult o r i m m at ur e fe m ale m ic e. In mammalian granulosa cells thyroid hormone has been reported to inhibit [24, 25] , to increase [26, 27] , or to affect in a follicle size-dependent manner [26, 28] gonadotropin-induced steroidogenesis because of differing responses to thyroid hormone of granulosa cells isolated from follicles at different stages of antral development. In addition, the different animal species analyzed and/or the different culture conditions used might have been responsible for the discordant observations [29] . Our recent studies have indicated that adequate levels of thyroid hormone are necessary for normal follicle development and ovulation especially in the presence of FSH [11, 12, 18] . The findings of the present study show that significantly more oocytes were collected from the first three treatments in T4-rdw rats than Normal, but fewer oocytes from the t hird t reatm ent in T4-N orm al than T4-rd w, suggesting that this difference may be the result of adequate treatment of T4 in rdw rather than in normal rats although further investigations will be needed to address this point. A study of rabbits induced to ovulate up to four consecutive times reported significant decreases in the numbers of recovered and viable morulae in the fourth treatment with reference to the third or second recovery. In contrast, results from the first three recoveries showed that percentages of recovered and viable embryos were not affected by the treatment number. More than 20 recovered embryos and 18 viable embryos per donor doe w ere reco rded fo r t he first three ovulat ory treatments. Ovulation rates ranged from 47.7 to 84.3% in four consecutive treatments [30] . The results of the present study indicate that rdw rats can be induced to ovulate up to three times without affecting the ovulation rate. Moreover, the numbers of recovered and fertilized embryos did not decrease after three treatments as compared to n or m a l c on t r ols . O v ar ia n an d e m b ry on i c abnormalities were observed in rabbits (does) given superovulatory treatment(s) [30] [31] [32] [33] . However, these abnormalities were not observed in the present study.
There have been many studies on repeated superovulation in cattle. Although some studies showed no significant reduction of ovulation in repeated treatments [34] [35] [36] , other studies indicated r e d u c e d r e s p o n s e s t o s e c o n d a n d l a t e r superovulatory treatments of cows in consecutive years [9, 37, 38] and within the same year [8, [39] [40] [41] . About 15 to 20 eggs in total were usually collected from the first three flushings. The low outcome w a s p a r t l y d u e t o l o w r e s p o n s e s ( 0~3 morphologically normal embryos) in more than half (117/210, 55.7%) of the collections in some studies [8, 42, 43] , indicating that the positive value of the repeatability may be due more to those cows with a low response to gonadotrophin treatment than to those with a high response. In addition, variations between individuals are common in adult cows and sexually mature heifers in terms of superovulatory response, the reasons for which are not yet completely understood [44] [45] [46] [47] . The results of the present study showed marked reductions in the number of ovulated eggs from the first to the second treatment in all groups, which was due to the differences in age between the two treatments. No reduction of egg number was evident from the second to third treatment in T4-rdw or Normal, but a reduction was observed in T4-Normal, which might have been due to the T4 d ose given. Fertilization and degenerative rates were not different among groups. In addition, ovulation rates were high (100%) and variations were low in all treatments. These observations suggest that the pattern of reduction in egg number in subsequent treatments of superovulation in the rat is similar to that in cows, while variations seem to be less in rats than cows. In addition, significantly more eggs were collected from the first three treatments of superovulation in T4-rdw than Normal, suggesting that T4 treatment could be an efficient way of maximizing egg production from rdw rats. Since T4 treatment also increased the total number of eggs in the first three treatments in normal rats, further investigations of the effects of T4 on repeated superovulation treatments in normal rats and other species would be beneficia l for research on domestic animals and other species.
